ABSTRACT: Growth performance and carcass characteristics of physically castrated (PC) and immunologically castrated (IC) pigs fed ractopamine hydrochloride (RAC; 5 mg/kg) were evaluated in 64 pens of 22 pigs each. Male pigs were randomly assigned to castration method at birth. Pigs in the PC group were physically castrated at 5 d of age while IC pigs were administered Improvest at 11 and 18 wk of age. Pigs entered the growfinish barn at approximately 9 wk of age (d 0). Dietary treatments (control or RAC) were initiated on d 87. Final treatment arrangement was a 2 × 2 factorial of castration method and diet. Data were analyzed using a mixed model with fixed effects of castration method, diet, market group, and all 2-and 3-way interactions. Pen was the experimental unit. From d 0 to 65, IC pigs had 11.2% greater (P < 0.01) G:F and 11.6% less (P < 0.01) ADFI than PC pigs, but ADG was increased 1.0% in PC pigs compared with IC pigs (P < 0.01). From d 65 to 87, IC pigs had 7.9% greater (P < 0.01) ADG and 12.1% greater (P < 0.01) G:F than PC pigs while having similar (P = 0.16) ADFI. At the initiation of diet (RAC) treatments, BW of all treatments were similar (P ≥ 0.32). From d 87 to 120 (RAC feeding period), IC pigs had 10.0% greater (P < 0.01) ADG and 10.5% greater (P < 0.01) ADFI than PC pigs while having similar (P = 0.64) G:F. Feeding RAC increased (P < 0.01) ADG by 16.9% and G:F by 17.9% while having no effect (P = 0.42) on ADFI from d 87 to 120. There were no significant interactions between castration method and diet on growth performance from d 87 to 120. For the entire study (d 0-120), IC pigs had 2.6% greater (P < 0.01) ADG, 4.6% less (P < 0.01) ADFI, and 7.3% greater (P < 0.01) G:F than PC pigs. Averaged over market groups, IC pigs were 2.5 kg heavier (P < 0.01) and had similar (P = 0.10) carcass weights and 1.8 percentage units less (P < 0.01) dressing yields than PC pigs. Additionally, IC pigs had 1.3 mm less (P < 0.01) fat and 1.7 mm less (P < 0.01) loin depth than PC pigs. Pigs fed RAC were 2.9 kg heavier (P < 0.01) and had 2.3 kg heavier (P < 0.01) carcasses and 2.2 mm deeper (P < 0.01) loins but similar (P = 0.21) dressing yields and tended (P < 0.10) to have 0.4 mm less fat than control-fed pigs when averaged over market groups. Group 3 pigs were the heaviest (P < 0.01) at slaughter and had the heaviest (P < 0.01) carcasses, greatest (P < 0.01) dressing yields, and the most (P < 0.01) carcass fat of all market groups. Overall, immunological castration and RAC were additive in terms of improving growth performance and carcass characteristics.
INTRODUCTION
Ractopamine hydrochloride (RAC), commercially available as Paylean (Elanco Animal Health, Greenfield, IN) , is a β-adrenergic agonist used in finishing swine diets. Feeding low levels (5 mg/kg) of RAC increased ADG and improved feed efficiency of finishing pigs (Watkins et al., 1990; Stites et al., 1991; Herr et al., 2001; Armstrong et al., 2004 Armstrong et al., , 2005 Apple et al., 2007; Patience et al., 2009 ) and improved carcass weights and muscling (Watkins et al., 1990; Stites et al., 1991; Herr et al., 2001; Armstrong et al., 2004; See et al., 2005; Apple et al., 2007; Carr et al., 2009; Kutzler et al., 2011) . Improvest (Zoetis, Kalamazoo, MI) is an immunological response product that was developed for the reduction of boar taint in intact male pigs where the first dose is administered after 9 wk of age and the second dose is administered at least 4 wk after the first. Pigs are marketed at least 3 wk and no greater than 10 wk following the second dose. Immunologically castrated (IC) pigs had greater ADG and improved feed efficiency (Pauly et al., 2009; Morales et al., 2011 ) when compared to physically castrated (PC) pigs following the second dose with Improvest. Despite having decreased dressing percentages (Morales et al., 2011; Boler et al., 2012) , IC pigs produced leaner carcasses that had greater cutting yields than PC pigs due to less carcass fat (Dunshea et al., 2001; Jaros et al., 2005; Pauly et al., 2009; Morales et al., 2011; Boler et al., 2012) .
In light weight pigs (106-117 kg), feeding RAC and immunological castration were additive in terms of improving growth performance and carcass characteristics (Moore et al., 2009; Rikard-Bell et al., 2009) . To date there were no studies that compare RAC feeding of PC pigs to RAC feeding of IC pigs at contemporary heavy weights. Therefore, the objective of this study was to evaluate the effects of feeding RAC to PC and IC pigs in a commercial setting on growth performance and carcass characteristics with conventional market weights for the U.S. pork industry.
MATERIALS AND METHODS
All animals used in this study were cared for in accordance with University of Missouri Animal Care and Use Committee regulations.
Animals and Housing
Sixty-four pens of 22 male pigs (n = 1,408; PIC 337 × C-22 or 1050; Pig Improvement Company, Hendersonville, TN) per pen were used in this study. Pigs were randomly assigned to castration methods (PC or IC) at processing (5 ± 4 d of age). Pigs designated for the PC group were surgically castrated according to normal U.S. production techniques within 10 d of birth, whereas those designated for the IC group were left intact. All pigs were weaned and placed in a nursery at 3 wk of age where they were fed the same 3-phase nursery diet until allotment in a commercial grow-finish research facility at 9 wk of age (d 0 of study) for the duration of the study. Pigs were housed in a commercial environment with fully slatted concrete floors, stainless steel water cups, and a 4-hole stainless steel feeder with 127 cm (5.8 cm/pig) of linear feeder space. Pens were 2.44 m wide and 5.79 m in length providing 14.13 m 2 (0.64 m 2 /pig) of floor space. The finishing barn included 2 separate rooms with a pen scale, feed room, and office between the rooms. Both rooms had curtain side walls and fans positioned on both ends. These 2 rooms were designated as blocks. Within each block, there were 16 pens per castration method for a total of 32 pens per block.
Intact males were immunologically castrated by administering 1 dose (2 mL; subcutaneous into the postauricular region of the neck) of Improvest (gonadotropin releasing factor analog diphtheria toxoid conjugate, 0.2 mg/mL; Zoetis, Kalamazoo, MI) at 11 wk of age (d 16 of study) and another 2 mL dose at 18 wk of age (d 65 of study). Improvest dosages were administered by trained Zoetis personnel. No placebo injections were given to PC pigs.
Growth performance data were collected at allotment in the grow-finish barn (d 0), second Improvest dose (d 65), start of dietary treatment (d 87), and each marketing day (d 99, 106, and 120) . For BW, pen weights were collected for both blocks. Additionally, individual BW were collected for block 1. For ADFI, feed consumption was monitored and residual feed left in feeders was measured. To account for any pigs that were marketed or may have been removed between weigh days, pig days (number of pigs per pen per day × number of days) were used to calculate ADG and ADFI on a pen basis.
Diets
Throughout the grower phase, all pigs were fed a stepdown lysine program, with IC pigs being fed diets that were approximately 0.1% greater in standardized ileal digestible (SID) lysine than PC pigs until start of diet treatment (d 87; Table 1 ), to account for the higher lysine requirement of IC pigs (Dunshea et al., 2013) . Feed used during the growing and finishing phases was manufactured at a commercial feed mill and delivered to the research facility. Feed was available ad libitum, addition of feed was electronically recorded, and feeders were checked twice daily by barn personnel. Diet treatments were assigned at approximately 3 wk after second injection with Improvest. Finisher diet treatments were either a commercial finishing diet (control) or a commercial high specification finishing diet with the addition of RAC (Paylean 9; Elanco Animal Health, Greenfield, IN) where the final concentration was 5 mg/ kg of diet and additional protein (Table 2 ). Final treatment arrangement was a 2 × 2 factorial of castration method (PC or IC) and diet (control or RAC) with 16 replications of each castration method and diet combination. For fin-ishing diets, control-fed physical castrates and control-fed immunological castrates received a diet containing 12.7% crude protein and 0.65% SID lysine, whereas RAC-fed PC and RAC-fed IC pigs received a diet containing 17.4% crude protein and 0.95% SID lysine. Analysis of control and RAC diets were conducted by an off-site lab for determination of dosage accuracy. All samples were within acceptable ranges for required amounts of RAC (75 to 125% of 5 mg/kg of diet). At each diet change, feed was sampled for each treatment from randomly identified feeders and pooled by treatment, and a subsample was submitted for laboratory analysis of nutrients. All nutritional values for diets met or exceeded NRC (1998) requirements.
Slaughter
To follow commercial production practices, pigs were selected for slaughter based on ending live weight and the heaviest pigs in each pen were selected and identified.
Pigs were marketed at 12 (4.5 wk after second Improvest dose), 19 (5.5 wk after second Improvest dose), and 33 d (7.5 wk after second Improvest dose) following the start of final dietary treatments. For market group 1 (12 d on diet treatment), pens were standardized to 17 pigs per pen. For market group 2 (19 d on diet treatment), pens were standardized to 9 pigs per pen. All remaining pigs were marketed in group 3 (33 d on diet treatment). For block 1, pigs were selected based on individual live weights. For block 2, pigs were visually selected by barn personnel. After selection, pigs were tattooed on shoulders and hams for identification in the processing facility. Pigs were loaded onto commercial trucks and transported (263 km) to a federally inspected abattoir where they were held overnight with access to water. Pigs were slaughtered and carcasses were chilled according to industry standards. Carcass data including carcass weight, Fat-O-Meater (SFK Technology, Herley, Denmark) fat depth, LM depth, and estimated percent lean were collected at slaughter by plant personnel. 6 SID = standardized ileal digestible.
Statistical Analysis
Data were analyzed using the MIXED procedure in SAS (SAS Inst. Inc., Cary, NC), and pen served as experimental unit for all analyses. For growth performance, the model included fixed effects of castration method, diet, and their interaction. For carcass characteristics, data were analyzed as a split-plot design with castration method and diet combination serving as the whole plot and market group serving as the split plot. Any 3-way interactions between castration method, diet, and market group were sliced by market group to further distinguish treatment effects. Block, replication, and their interaction served as random variables in all models. Least squares means were generated using LSMEANS and comparisons made using the PDIFF option. To protect against error associated with multiple comparisons, confidence intervals for interaction means were adjusted using the Tukey-Kramer method. Normality of residuals was checked using the Capability procedure and outliers were left in the data set unless deemed physiologically impossible. Homogeneity of variance was tested using the Levene's test or the Brown and Forsythe's test in the case of nonnormal data using the GLM procedure in SAS. In general, variances were homogenous (P > 0.10); therefore, data were not transformed. Effects were deemed significant at P < 0.05. Trends were noted when 0.05 < P < 0.10.
RESULTS

Growth Performance
There were no significant interactions between castration method and diet for effects on BW. There were no differences (P = 0.96) between BW of IC and PC pigs at d 0; however, at second Improvest dose (d 65), IC pigs were 1.1 kg lighter (P = 0.02) than PC pigs (Table 3 ). There were no differences (P = 0.52) between BW of IC and PC pigs as well as no differences (P = 0.65) between RAC-fed and control-fed pigs at the start of dietary RAC treatments (d 87). However, at d 99, 106, and 120, BW of IC pigs were 1.3, 2.2, and 2.8 kg heavier (P < 0.02) than PC pigs. Additionally, RAC-fed pigs were 3.0, 3.7, and 4.4 kg heavier (P < 0.01) than control-fed pigs during that time.
For the first 65 d, IC pigs gained 0.01 kg/d less (P < 0.01) than PC pigs; however, IC pigs had greater (P < 0.01) ADG than PC pigs for all other study periods including over the entire study (d 0 to 120; Table 3 ). From second Improvest dose to start of dietary treatments (d 65 to 87), IC pigs gained 0.07 kg/d more (P < 0.01) than PC pigs. From the start of dietary treatments to market group 1 (d 87 to 99), IC pigs gained 0.07 kg/d more (P < 0.01) than PC pigs and RAC-fed pigs gained 0.2 kg/d more (P < 0.01) than control-fed pigs during that period. From market group 1 to market group 2 (d 99 to 106), there was an interaction (P = 0.01) between castration method and diet for ADG. Ractopamine-fed IC pigs gained 0.2 and 0.07 kg/d more (P < 0.04) than controlfed and RAC-fed PC pigs but were similar (P = 0.90) to control-fed IC pigs. From market group 2 to market 6 Paylean 9 (Elanco Animal Health, Greenfield, IN) added where final concentration of RAC was 5 mg/kg of diet.
7 SID = standardized ileal digestible.
group 3 (d 106 to 120), there were no differences (P = 0.11) between ADG of IC and PC pigs as well as no differences (P = 0.16) between RAC-fed and controlfed pigs. For the diet treatment period (d 87 to 120), IC pigs gained 0.1 kg/d more (P < 0.01) than PC pigs while RAC-fed pigs gained 0.2 kg/d more (P < 0.01) than control-fed pigs for the same period. For the entire study (d 0 to 120), IC pigs gained 0.02 kg/d more (P < 0.01) than PC pigs; however, there were no differences (P = 0.22) between ADG of RAC-fed and control-fed pigs when evaluated over the same time period. For the first 65 d, IC pigs (which have not been fully immunized against gonadotropin-releasing factor [GnRF]) consumed 0.3 kg less (P < 0.01) feed per day than PC pigs; however, there were no differences (P = 0.16) between ADFI of IC and PC pigs from the second Improvest dose to start of RAC treatment (d 65 to 87). From the start of RAC treatment to market group 1 (d 87 to 99), there was an interaction (P = 0.03) between castration method and diet. In IC pigs, RAC feeding numerically increased ADFI, whereas in PC pigs, RAC feeding numerically reduced ADFI. From market group 1 to market group 2 (d 99 to 106), IC pigs tended to consumed 0.4 kg more (P = 0.09) feed per day than PC pigs. From market group 2 to market group 3 (d 106 to 120), IC pigs consumed 0.5 kg more (P < 0.01) feed per day than PC pigs. For the RAC treatment period (d 87 to 120), IC pigs consumed 0.4 kg more (P < 0.01) feed per day than PC pigs; however, IC pigs consumed 0.1 kg less (P < 0.01) feed per day than PC pigs over the en- From the start of RAC treatment to market group 1 (d 87 to 99), there were no differences (P = 0.34) between G:F of IC and PC pigs; however, RAC-fed pigs had 0.07 greater (P < 0.01) G:F than PC pigs during that time. From market group 1 to market group 2 (d 99 to 106), there was an interaction (P < 0.01) between castration method and diet for G:F. In PC pigs, RAC feeding increased (P < 0.01) G:F by 0.04, whereas in IC pigs, RAC feeding did not changed (P = 0.38) G:F. From market group 2 to market group 3 (d 106 to 120), there were no differences between G:F of IC and PC pigs; however, RAC-fed pigs had 0.02 greater G:F than control-fed pigs. There was an interaction (P = 0.02) between castration method and diet for effects on G:F during the RAC treatment period (d 87 to 120). Feeding RAC increased (P < 0.01) G:F for both IC and PC pigs; the magnitude of response was numerically, but not significantly, less for IC pigs than PC pigs. Over the entire study period (d 0 to 120), IC pigs had a 0.03 greater (P < 0.01) G:F than PC pigs while there were no differences (P = 0.28) between G:F of RAC-fed and control-fed pigs over the same period.
Carcass Characteristics
There were no significant interactions between castration method and diet for effects on slaughter weights, carcass weights, carcass fat depths, and carcass loin depths when averaged over market groups. Immunological castrates were 2.5 kg heavier (P < 0.01) than PC pigs and RAC-fed pigs were 2.9 kg heavier (P < 0.01) than control-fed pigs when averaged over market groups (Table 4) . For market group effects, market group 3 pigs were 1.8 kg heavier (P < 0.01) than market group 1 pigs, which were 1.4 kg heavier (P = 0.02) than market group 2 pigs at slaughter. There were no differences (P = 0.10) between weights of IC and PC carcasses; however, RACfed carcasses were 2.3 kg heavier (P < 0.01) than controlfed carcasses. Carcasses from market group 3 pigs were 3.1 and 3.2 kg heavier (P < 0.01) than carcasses from market group 2 and 1 pigs, respectively; however, there were no differences (P = 0.90) between carcass weights of market groups 2 and 1 pigs. The similarities in carcass weights of IC and PC pigs was due to IC pigs having 1.8 percentage (% units) less (P < 0.01) yield than PC pigs. There was no interaction (P = 0.25) between castration method and market group for effects on dressing yield; however, dressing yields of IC pigs increased (P < 0.01) as time after second dose increased where dressing yields were 72.1, 72.8, and 73.6% for IC pigs from market groups 1, 2, and 3, respectively. Additionally, there were no differences (P = 0.21) between dressing yields of RAC-fed and control-fed pigs.
There was an interaction (P < 0.01) between castration method and market group for effects on carcass backfat depth (Fig. 1) . For market group 1 pigs, IC carcasses had 2.3 mm less (P < 0.01) backfat than PC carcasses. Similarly, IC carcasses had 1.5 mm less (P Table 4 . Effects of physically castrated (PC) and immunologically castrated (IC) finishing pigs fed either a control diet or a diet containing 5 mg/kg ractopamine hydrochloride (RAC) and main effects of market group on carcass characteristics 1 a-c Means within row under main effect lacking common superscripts differ (P < 0.05).
1 Male pigs immunologically castrated by giving 2 doses of Improvest (Zoetis, Kalamazoo, MI) at 11 and 18 wk of age.
2 1 = fed RAC treatment for 12 d before harvest (4.5 wk after second injection); 2 = fed RAC treatment for 19 d before harvest (5.5 wk after second injection); 3 = fed RAC treatment for 33 d before harvest (7.5 wk after second injection).
3 Significant effects (P < 0.05): C = castration method; D = diet; M = market group; CM = castration method × market group; CDM = castration method × diet × market group.
4 SFK Technology, Herley, Denmark.
< 0.01) backfat than PC carcasses for market group 2 pigs. However, there were no differences (P = 0.91) between IC and PC carcasses for backfat depth of market group 3 pigs. Backfat depth tended (P = 0.10) to decreased in RAC-fed carcasses compared with controlfed carcasses. Immunologically castrated carcasses had 1.7 mm less (P < 0.01) loin depth than PC carcasses. Additionally, RAC-fed carcasses had loins that were 2.2 mm deeper (P < 0.01) than those of control-fed carcasses. Carcasses from market group 2 pigs tended (P = 0.08) to have loins that were 1.0 mm deeper than those from market 3 pigs, which were 1.6 mm deeper (P < 0.01) than loins from market group 1 pigs. There was an interaction (P = 0.04) between castration method, diet, and market group on Fat-O-Meater estimated lean (Fig. 2) . In market group 1, feeding RAC increased (P = 0.03) estimated leanness of IC carcasses but not PC carcasses (P = 0.79). In group 2, RAC increased (P = 0.02) estimated leanness of PC carcasses but not IC carcasses (P = 0.41). In market group 3, feeding RAC increased (P ≤ 0.01) leanness of both IC and PC carcasses.
DISCUSSION
The additive effects of immunological castration and RAC feeding on growth performance and carcass characteristics have been previously reported by Moore et al. (2009) and Rikard-Bell et al. (2009) . In the present study, the lack of interactions between immunological castration and RAC feeding study fully supports the idea that these technologies were additive in terms of improving growth performance and carcass characteristics. During the last 33 d of feeding, RAC-fed IC pigs grew 28.7% faster and were 17.4% more feed efficient than control-fed PC pigs. Furthermore, RAC-fed IC carcasses were 1.7% heavier, had 6.6% less fat depth, and were estimated to be 0.6% units leaner than controlfed PC carcasses. It must be noted that pigs used in the present study were approximately 20 to 30 kg heavier at slaughter than those used in previous studies (Moore et al., 2009; Rikard-Bell et al., 2009 ) and therefore were more in line with contemporary U.S. slaughter weights.
Similar to the findings in the present study, supplementation of pigs with 5 mg/kg RAC generally resulted in increased BW, greater ADG, and improved feed efficiencies (Watkins et al., 1990; Stites et al., 1991; Herr et al., 2001; Armstrong et al., 2004 Armstrong et al., , 2005 See et al., 2005; Patience et al., 2009; Hinson et al., 2012) while having no effects on ADFI (Apple et al., 2007; Patience et al., 2009) . Additionally, carcasses from RAC-fed pigs were consistently heavier and had greater muscling than their control-fed counterparts (Apple et al., 2007; Carr et al., 2009; Kutzler et al., 2011) . During protein turnover, growth efficiency is decreased due to energy lost during protein remodeling (Pringle et al., 1993) ; however, β-agonist administration, such as RAC, improved efficiency by inhibiting energy storage and protein degradation while stimulating energy mobilization and protein synthesis (Lynch and Ryall, 2008) .
Many of the reports on immunological castration focused on the time following the second dose of the immunological compound and consistently demonstrate that IC pigs had greater ADG, were more feed efficient, and had greater feed intake than PC pigs (Dunshea et al., 2001; Pauly et al., 2009; Morales et al., 2011) ; however, economic effects of immunological castration were greater when evaluated over the entire production peri- od. Over the entire 120-d production period in the present study, IC pigs grew 2.6% faster and were 7.3% more feed efficient while consuming 4.6% less feed than PC pigs. These findings were largely not the results of immunological castration but were the results of delaying castration until later in production. Delaying of castration allows producers to take advantage of the improved efficiencies of boars (Xue et al., 1997) while reducing the presence of boar taint compounds (Dunshea et al., 2001; Bonneau et al., 2000) . Production profitability when using immunological castration may be directly related to time of castration where profitability may be limited when castration is performed earlier in production (Pauly et al., 2009) . In IC pigs, during the period before second Improvest dose, diets need to be adjusted to meet their greater amino acid requirement, especially lysine (Dunshea et al., 2013) . During this period, the lysine requirement is similar to an intact male to accommodate for their enhance ability of lean deposition (Dunshea et al., 2013) . This usually results in more expensive diets compared to that of their PC pigs' counterparts. Therefore, the cost of formulating an amino acid dense diet may reduce some of the economic advantage observed with reduced feed intake in IC barrows.
In addition to effects on growth performance, IC pigs were consistently heavier at slaughter, had decreased dressing percentage, similar carcass weight, less carcass fat, reduced loin depth, and improved carcass leanness when compared to PC pigs (Dunshea et al., 2001; Pauly et al., 2009; Boler et al., 2012) . The effects of immunological castration on dressing percentages were often attributed to the presence and removal of testicles and associated scrotal skin and increased organ merit in IC than PC pigs (Pauly et al., 2009 ). The effects of immunological castration on loin depth may be attributed to anatomical characteristics of entire males as these generally had less shallow loins than PC pigs (Boler et al., , 2014 . Despite differences in dressing percentages and loin depth, IC carcasses consistently had cutability advantages due to increased leanness and larger shoulders, and hams commonly associated with boars (Richmond and Berg, 1982) .
In conclusion, feeding RAC at 5 mg/kg improved growth performance and carcass characteristics of both IC and PC pigs. Additionally, immunological castration improved overall growth performance, slaughter weight, and carcass leanness. The use of these technologies was additive and resulted in limited interactions. Therefore, RAC-fed IC pigs were superior to control-fed PC pigs in terms of ADG, overall feed intake, and feed efficiency. Furthermore, feeding RAC to IC pigs improved overall carcass value due to reduced carcass fatness associated with immunological castration and increased muscling and carcass weights associated with feeding RAC.
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